ABSTRACT A pilot parabolic solar dish-Stirling system was designed and set up in Kerman, Iran, based on initial evaluations. The objective of this paper was to mathematically model this system to improve its performance by taking the design main factors of the collector into account. To analyze the performance of the system a thermodynamic model was developed to predict the thermal efficiency of the dish-Stirling engine based on factors such as fluid and mechanical friction, finite regeneration process time, and heat transfer, including the effects of cycle internal and external irreversibilities. The power output of the Kerman pilot was measured midday in mid-June, and it was in a good agreement with the mathematical model. Based on the results obtained by the model, the power output of the Kerman pilot in the middle days of all months in a year were predicted and then compared with the output results obtained using an improved system with an appropriately designed concentration ratio. The results showed that, in the middle of June, the maximum power output of a system with an improved concentration ratio of 2499.8 was about 1.66 times higher than that of the original Kerman pilot with a concentration ratio of 625. This system enhancement resulted in 3.56 times higher annual energy production. Moreover, the effects of the dish diameter on the system performance and the annual energy production were studied. Results showed that the annual energy production increased from 1.945 to 6.74 GWh/year when the dish diameter was increased from 3 to 5 m. 
A solar-thermal power system converts solar energy into electrical power utilizing the heat captured by a solar collector. So far, feasibilities of different kinds of the solar thermal technologies have been proven [1] [2] [3] [4] [5] . Among various approaches, one of the most promising solar thermal technologies used to produce electricity from the sun is the parabolic solar dish-Stirling system. This system has a solar collector consisting of a solar dish concentrator, and a thermal receiver. The parabolic dish concentrator concentrates solar radiation onto the thermal receiver, which then provides the thermal energy to drive a Stirling engine. The receiver is comprised of an aperture and an absorber. The aperture of the receiver is placed at the focal point of the parabolic concentrator. The solar flux focused on the receiver is over a thousand times greater than the beam solar radiation from the solar irradiance, providing a large thermal input. The absorber transfers the thermal energy to a working fluid (typically helium or hydrogen) in the Stirling engine. The Stirling engine converts the absorbed thermal energy into mechanical energy and finally, a generator converts the mechanical energy into electricity. The average solar irradiation at Kerman City, Iran (latitude 30 • 17' North and longitude 57 • 5' East), is more than 2000 kWh/m 2 year, and this area also receives nearly 2800 hours of solar irradiation in a year [6] . Because the area receives such a high level of solar energy it has a very high potential for producing electricity from a solar-thermal power system, and consequently a pilot solar dish-Stirling system was set up to exploit the specific meteorological conditions of Kerman City (Fig. 1) . The solar collector of the pilot was designed with a 3m diameter parabolic dish comprised of identical square 0.08m × 0.08m glass/silver mirror panels with a thickness of 2 mm, a receiver aperture diameter of 0.12 m, and a rim angle of 45 • . The system's one piston-cylinder Stirling engine had the following parameters: T H =800 K, N=800 rpm, T L =310K, with a working fluid of helium at a pressure of 10 bars.
In previous studies, Nuwayhid et al. [7] examined the performance of two parabolic dishes, with diameters of 1.6 m (stainless steel) and 2 m (aluminum). Wu et al. [8] assessed the performance of a parabolic dish with an efficiency and power output of about 20.6% and 18.54 kW, respectively. A solar parabolic dish with a 500 m 2 concentrator area comprised of 380 identical spherical 1.17m × 1.17m glass-on-metal laminate mirror panels was designed by Lovegrove et al. [9] . Li et al. [10] proposed and fabricated a design with large parabolic dish mirrors made of several optimally-shaped thin flat metal petals with highly reflective surfaces. A new solar dish reflector design with a flat mirror system (Solarux), which offered the lowest cost and a two-axis tracking system for the dish, was developed in [11] . Other parabolic dish prototypes with various diameters of 5.5 m and 7.5 m [12] ; 2.85 m [13] , 2.405 m [14] , and also 1.8 m and 2.5 m [15] have been built and tested. Three paraboloid dishes were also constructed with reflectors of different dimensions, including dish diameters of 46 cm with a 5cm depth; 50 cm with a 15cm depth; and 45 cm with a 10cm depth [16] , [17] .
A solar dish concentrator design with a rim angle of 45 • has been proposed in several investigations [9] , [18] [19] [20] , as a means of obtaining the highest thermal performance and the highest concentration ratio. A new solar dish configuration was developed by Cameron and Ahmed [21] , where the focal point was located much closer to the dish, compared to a typical dish design, and this enabled rim angle values of up to 90 • . The influence of the receiver radiation flux distribution was investigated by Mao et al. [22] . A theoretical analysis of the effects of the geometrical parameters on the shaft work of Stirling engines was conducted by Cheng and Yang [23] ; the combination of the phase angle and the swept volume ratio was optimized, to maximize the shaft work of the engine under various conditions. A numerical prediction of the relationship between operating speed and shaft power output of a Stirling engine was accomplished by Cheng and Yang [24] . In the paper, a lumped-mass transient model was used to study temperature variations in the expansion and compression spaces as well as the shaft power output corresponding to different operating speeds. The power output and the engine thermal efficiency of a powered Stirling engine were optimized by Ahmadi et al. [25] . They used finite speed thermodynamic analysis and minimized total pressure losses using NSGA algorithm. They also developed a mathematical model based on the finite-time thermodynamics has been developed to optimize the power output, thermal efficiency, and rate of the entropy generation, simultaneously, using multi-objective evolutionary algorithms [26] . A parametric study of the effects of mass moment on the inertia of the flywheel, initial rotational speed, initial charged pressure, heat source temperature, phase angle, gap size, displacer length, and piston stroke on the engine's behavior was performed by Cheng and Yu [27] using a thermodynamic model. An optimization model based on a feed-forward artificial neural network using particle swarm optimization was proposed by Ahmadi et al. [28] which predicted the power output of the solar Stirling engine system. A prototype Stirling engine working in a moderate temperature range was developed by Sripakagorn and Srikam [29] . Ahmadi et al. [30] used finite time thermodynamic method to predict the power output, the thermal efficiency, the exergetic efficiency, and the rate of entropy generation of a solar Stirling system taking into account a finite rate of the heat transfer, the conductive thermal bridging loss, the regenerative heat loss, and the finite regeneration process time. A techno-economic assessment of 100 MW concentrating solar thermal power plant technologies based on dish-Stirling technology using hydrogen as the working fluid was used to evaluate the monthly energy production, annual energy output and the levelized cost of energy [31] . In [32] and [33] , the effects of both internal and external irreversibilities were considered.
The present study focuses on the design and improvement of the collector parameters of a pilot parabolic solar dishStirling system built in Kerman, Iran. A thermodynamic model is used which takes into account the effects of both internal and external irreversibilities of the Stirling engine, coupled to dish efficiency and receiver efficiency calculations. The effects of the internal fluid and mechanical friction, heat transfer based on the temperature difference at the source and sink, incomplete heat regeneration and piston speed are considered. This approach is used to improve the performance of the Kerman pilot based on a new design for its collector.
II. METHODOLOGY A. THE COLLECTOR DESIGN
The shape of a parabolic concentrator and the location of its focal point can be defined by the dish focal distance to diameter ratio (f/Dd). This shape can also be defined by the rim angle. The relationship between the focal distance and the rim angle is given below [12] :
The rim angle must be determined before sizing the aperture since it has an influence on the maximum concentration ratio, collector slope error, and losses due to convection and radiation [34] .
The distance between the surface of the concentrator and the focal point of the aperture at any angle (ψ) between 0 and the rim angle is calculated as:
The majority of thermal losses in a solar dish-Stirling system occurs through the receiver. To increase the thermal input captured by the receiver, its aperture must be designed to be large enough so that a significant fraction of the reflected solar irradiance will be transmitted onto the absorber. However, it should be noted that designing too large a receiver aperture results in an increase in the amount of convection and radiation losses out of the aperture.
To estimate the appropriate size of the aperture, the imperfections which contribute to the spread of the beam reflected from the concentrator must be taken into account. These imperfections include irregularities in the slope of the parabolic mirror created during manufacturing, receiver alignment discrepancies, tracking error from the tracking sensors, variations in the mirror specular reflectance, and the tracking drives not being in a uniform position [34] . These error values are all represented in one standard deviation in the collector system. The approximate values for the collector errors are provided in Table 1 [34] .
The total error of the Stirling dish collector is calculated as [34] :
Taking into account these errors, the total beam spread in the plane perpendicular to the centerline of the reflected beam can be calculated as follows:
An appropriate diameter for the aperture can then be estimated by calculating the projection of the beam spread onto the focal plane of the receiver at the rim angle as given below:
The concentration ratio can be defined as below:
B. THE RECEIVER MODELLING
A major fraction of the total system thermal losses occurs in the receiver and therefore, simulating these losses is necessary to predict the system performance. These losses include conduction through the receiver walls, radiation through the opening of the aperture to the environment and, convection from the cavity. The conduction loss from the receiver is calculated as follows:
The natural convective heat transfer coefficient which occurs through the receiver cavity depends on the cavity location at a specific day-time. To estimate this coefficient, the Nusselt number can be calculated as given below [35] :
The forced convective heat transfer coefficient for the receiver cavity is also calculated as follows [36] :
where v is the wind speed.
The total convective heat transfer coefficient and total convection losses through the receiver cavity are calculated using the following equations [36] :
The emitted and reflected radiation heat transfer from the receiver cavity are calculated with the following equations, respectively:Q
with
The total thermal loss from the receiver is calculated as below:
The receiver efficiency of the system is calculated as:
It is assumed that the heat rate transferred to the Stirling engine is equal to the heat rate supplied by the receiver. Hence, the thermal input power to the Stirling engine can be calculated using the following equation:
C. THE STIRLING ENGINE MODELLING
By taking into account the internal and external irreversibilities of the Stirling engine, its thermal efficiency can be expressed as a product of the Carnot cycle efficiency and the efficiency of the second law as given below [37] :
The overall second law efficiency can be defined as follows:
where η II ,X and η II , P account for the second law efficiencies due to incomplete regeneration and pressure losses, respectively. The second law efficiency due to VOLUME 5, 2017 the incomplete regeneration can be expressed as given below [38] :
where y is an adjusting coefficient which was set to 0.72 [38] ; and X 1 , X 2 are losses coefficient values due to the incomplete regeneration. The regenerative losses coefficient values can also be calculated with the following equations:
The parameter E and the convective heat transfer coefficient of the regenerator can be computed using the following equations, respectively [38] :
0.576
in which the relation between the piston speed and the rotational speed is calculated as follows:
The effect of the pressure loss through the regenerator can be taken into account in the form of the second law efficiency due to pressure losses as below: (26) in which P1 is also calculated as follows:
D. THE SYSTEM PERFORMANCE
The total efficiency of the system is equal to the product of the efficiencies of all system components as below:
Finally, the power output of the system is estimated as below:
E. SOLAR RADIATION MODEL
In order to calculate the annual energy that can be produced by the system, it is necessary to determine the amount of solar irradiance reaching the dish concentrator in a year. In general, concentrators with receivers much smaller than the aperture are effective only with beam radiation [39] , in that only beam radiation will be directed onto the absorbing surface. The extraterrestrial radiation flux is calculated by an accurate equation, as given below:
G on = G sc (1.000110 + 0.034221 cosB + 0.001280 sinB + 0.000719 cos2B + 0.000077 sin2B) (30) with B=(n−1)×360/365. The declination can be calculated as follows: δ = (180/π)(0.006918 − 0.399912cosB + 0.070257
The zenith angle of the sun is calculated using the following equation:
The atmospheric transmittance for beam radiation is calculated as below:
The beam solar irradiance on a tilted surface is calculated as:
Since the solar dish concentrator is continuously tracking the sun using a two-axis tracking mechanism, at all times the incident angle is equal to zero (cos θ = 1). The full tracking configuration collects the maximum possible sunshine [39] .
III. RESULTS AND DISCUSSION
The performance of a solar dish-Stirling system is affected by the solar radiation at the concentrator, the design parameters of the collector, and the Stirling engine. The Kerman pilot had a collector with a parabolic dish diameter of 3 m, a rim angle of 45 • , and a concentration ratio of 625. To calculate the pilot annual energy production, simulations were conducted for each daily working hour at the site (Kerman City has a latitude of 30 • 17' North and a longitude of 57 • 5' East). Fig. 2 presents the wind speed and the ambient temperature data records of Kerman City during the working period of the pilot test on June 15 th . The amount of beam solar irradiance on horizontal ground and the incident flux intensity intercepted by the receiver aperture are also shown in Fig. 3 .
The Kerman pilot was able to produce about 600 Watts power output at the highest solar irradiance in the middle of June. A power output of 629 Watts was predicted by the model for the same time which is close to the measured data.
Based on the solar and weather parameters, and using the thermodynamic model, the power output of the Kerman pilot for each working hour was calculated. The wind speed and the ambient temperature data recorded by the weather bureau of Kerman City throughout the year were used in the simulations. Table 2 shows the predicted power outputs during working hours on the 15 th of each month of the year for the Kerman pilot. The annual energy produced by the Kerman pilot was predicted to be about 545.8 kWh/year. It can be seen that the total number of hours when the Kerman pilot can produce energy, and, consequently, the annual energy produced by the system, are comparatively low. Hence, to improve the system performance through the entire year it was apparent that a new collector design needed to be investigated. To accomplish this, the collector design parameters, including the diameter of the dish concentrator, the focal distance of the parabolic dish, the aperture diameter of the receiver, and the concentration ratio were considered.
To obtain the maximum system performance, a new collector design process was conducted. The results produced by the analysis showed that an appropriate value for the concentration ratio was 2499.8. This improved collector configuration was installed on the system. The power output during the working hours on the 15th of each month of the year for the improved system are shown in Table 3 . It was found that the predicted maximum power output of the improved system in the middle of June was about 1.66 times higher than the output of the original Kerman pilot. Moreover, a system with a concentration ratio of 2499.8 produces 1944.9 kWh/year in annual energy, which is 3.56 times higher than the annual energy produced by the original Kerman pilot.
The main reasons for the dramatic increase in the annual energy production were that the power output for each hour was increased, but also because the total number of hours in which the system was in service was considerably higher.
It is evident that a collector with a larger parabolic dish diameter can collect more solar radiation. Consequently, the incident flux intensity intercepted by the receiver aperture also increases.
To investigate the effect of the diameter of the parabolic dish on the system performance, a parametric study on the dish diameter for the system with the improved configuration was performed. Fig. 4 shows the focal distance and aperture diameter for the dish diameter when the dish diameter is increased from 3 m to 5 m. The focal distance linearly increases from 1.81 m to 3.02 m. The aperture diameter also linearly changes from 0.06 m to 0.10 m. The total efficiencies of different dish diameters during the operating period are illustrated in Fig. 5 . It can be seen that the maximum total efficiency for all dish diameters is obtained at midday. In addition, in the short period of time surrounding midday (from 11 a.m. to 1 p.m.) the total efficiency only marginally changes when the dish diameter is increased from 3 m to 5 m. It is found that, in all diameters, the value of the total efficiency is about 15% in midday. In contrast, when the time approaches early morning or later evening, an increase in the dish diameter causes a considerable increase in efficiency. For example, in 8 A.M., the total efficiency of a system with the dish diameter of 5 m is about 0.76 while it decreased to about 0.032 for the dish diameter of 3 m. The power output during the operating period is illustrated in Fig. 6 . It is clear that when the dish diameter increases the amount of solar energy being concentrated by the system increases. Therefore, over the entire operating period, a larger system dish diameter produces more electricity. The power output reaches its maximum value of 2.86 kW in midday.
As with total efficiency, the maximum power output for all dish diameters was obtained at midday. However, unlike total efficiency, during the time period close to midday, the effect of increased dish diameter on power output was relatively high, compared to the early morning and later evening hours. The reason for this is that although the influence of the entrance energy on the power output is dominant, a decrease in total efficiency occurs in the early morning and later evening hours, which results in a lower increase in power output. Moreover, it was found that the total efficiency and consequently the power output in a small dish diameter was very low during the early morning and later evening hours.
As an example, the power output of the improved system (C=2499.8) with a dish diameter of 5 m during operating hours on the 15th of each month is reported in Table 4 . It can be seen from Tables 3 and 4 that both the power output and total hours per year the system produces electricity are significantly higher for a larger dish diameter. Fig. 7 illustrates the annual energy produced by the system for different dish diameters. It shows that when the diameter of the dish increases, the annual energy obtained from the system significantly increases. According to these results, when the dish diameter increased from 3 m to 5 m, the annual energy production increased from 1.945 GWh/year to 6.74 GWh/year.
IV. CONCLUSIONS
This investigation aimed to improve the performance of a pilot parabolic solar dish-Stirling system, using a mathematical model. The pilot was set up after initial evaluations in Kerman, a sunny city in Iran. The main design parameters of the collector, including the parabolic dish diameter, focal distance, receiver aperture diameter, and concentration ratio were considered. A thermodynamic analysis to predict the performance of the Stirling engine was performed which took into account the internal engine pressure losses due to fluid friction, mechanical friction between the moving parts, actual heat transfer including the effects of both internal and external irreversibilities and finite regeneration processes time. The measured data of the Kerman pilot power output in midday of the middle of June was in a good agreement with the mathematical model. The results demonstrated the importance of the design of the collector on the system performance. Based on these results an appropriate concentration ratio was then designed for the system. It resulted in, in the midday of the middle of June, the power output and annual energy production of the enhanced system increased up to 1.66 and 3.56 times compared to those for the original Kerman pilot. Moreover, a parametric study was performed on the effect of the dish diameter on the performance of the improved system. It was found that the annual energy production increased from 1.945 GWh/year to 6.74 GWh/year when the dish diameter was increased from 3 m to 5 m.
It can be concluded that a proper design for the collector of a pilot solar dish-Stirling system results in a significant increase in system performance.
